The segregation between cortical pathways for the identification and localization of objects is thought of as a general organizational principle in the brain. Yet, little is known about the unimodal versus multimodal nature of these processing streams. The main purpose of the present study was to test whether the auditory and tactile dual pathways converged into specialized multisensory brain areas. We used functional magnetic resonance imaging (fMRI) to compare directly in the same subjects the brain activation related to localization and identification of comparable auditory and vibrotactile stimuli. Results indicate that the right inferior frontal gyrus (IFG) and both left and right insula were more activated during identification conditions than during localization in both touch and audition. The reverse dissociation was found for the left and right inferior parietal lobules (IPL), the left superior parietal lobule (SPL) and the right precuneus-SPL, which were all more activated .
Introduction
The traditional sensory processing schemes postulate the presence of sharply defined, modality-specific brain areas, but the modality-exclusivity of sensory brain regions has been challenged over the last decade (Pascual-Leone and Hamilton, 2001; Wallace et al., 2004; Schroeder and Foxe, 2005) . Numerous studies have shown that several regions in the visual cortex can be activated by additional modalities, such as touch (Hyvärinen et al., 1981; Zangaladze et al., 1999; Merabet et al., 2004; Pietrini et al., 2004; Prather et al., 2004; Zhang et al., 2004 Zhang et al., , 2005 Burton et al., 2006; Peltier et al., 2007) and hearing (Zimmer et al., 2004; Renier et al., 2005) . Similarly, different auditory areas have been shown to respond to somatosensory (Schroeder et al., 2001; Foxe et al., 2002; Golaszewski et al., 2002; Fu et al., 2003; Hackett et al., 2007; Smiley et al., 2007) and visual stimulation (Calvert, 2001; Wright et al., 2003; Beauchamp et al., 2004a,b; van Atteveldt et al., 2004 van Atteveldt et al., , 2007 Kayser et al., 2007 Kayser et al., , 2008 Meyer et al., 2007; Noesselt et al., 2007) . Several parietal and frontal areas also support multisensory integration that binds information from different modalities into unified multisensory representations (Hyvärinen and Poranen, 1974; Downar et al., 2000; Bremmer et al., 2001) .
In addition to the sensory organization scheme, the principle of "division of labor" has been demonstrated and implies a specialization of function, i.e., localization versus identification, in various visual cortical areas (Zeki, 1978; Ungerleider and Mishkin, 1982; Haxby et al., 1991; Goodale and Milner, 1992) . Studies in nonhuman animals and humans have also indicated two distinct pathways within the cerebral cortex for hearing (Rauschecker, 1997 (Rauschecker, , 1998a Rauschecker et al., 1997; Deibert et al., 1999; Alain et al., 2001; Maeder et al., 2001; Anurova et al., 2003; Poremba et al., 2003) and, to a lesser extent, for touch (Stoesz et al., 2003; Harada et al., 2004; Van Boven et al., 2005; Kitada et al., 2006) . Beyond the primary sensory cortices, the "what" and "where" pathways involve some brain areas within the parietal, frontal and temporal cortices that show multimodal properties (Romanski and Goldman-Rakic, 2002) , although even in these regions sensory processing is initially still unimodal . Therefore, one may wonder at what point along the "what" and "where" streams brain areas turn from unimodal into multimodal.
Different stimulus attributes, such as location, shape or frequency, can be accessed by different modalities and are stored and processed in specialized multimodal brain regions. Object shape, for instance, can be "apprehended" both by touch and vision (Sathian, 2005) and is ultimately processed by a multimodal (tactile-visual) region, the lateral occipital complex (Amedi et al., 2001 (Amedi et al., , 2002 . In the present study we used functional magnetic resonance imaging (fMRI) to compare directly the brain activation in the same subjects who processed spatial and nonspatial attributes of auditory and vibrotactile stimuli. We hypothesized that sounds and comparable vibrotactile stimuli would activate common multimodal brain areas within the frontal and parietal cortices according to the nature of the task, i.e., during "what" and "where" processing, respectively.
Materials and Methods

Subjects
Seventeen healthy adult subjects participated in this study (5 males and 12 females; 15 right-handed and 2 left-handed, mean age ϭ 39 years; SD ϭ 11.4; minimum-maximum ϭ 25-58). Subjects were recruited on a voluntary basis via flyers posted on the Georgetown University campus and hospital. Seventeen subjects were then randomly selected among these volunteers provided they were eligible for an fMRI study (i.e., they were healthy adults Ͻ60 years of age without history of neurological, psychiatric, or sensory impairment). The protocol was approved by Georgetown University's Internal Review Board, and written informed consent was obtained from all participants before the experiment.
MRI acquisition
All fMRI data were acquired at Georgetown University's Center for Functional and Molecular Imaging using an echoplanar imaging sequence on a 3-Tesla Siemens Tim Trio scanner with a 12-channel head coil (flip angle ϭ 90°, repetition time ϭ 3 s, echo time ϭ 60 ms, 64 ϫ 64 matrix). For each run, 184 volumes of 50 slices (slice thickness, 2.8 mm; gap thickness, 0.196 mm) were acquired in a continuous sampling. At the end, a three-dimensional T1-weighted MPRAGE (magnetization-prepared rapid-acquisition gradient echo) image (resolution 1 ϫ 1 ϫ 1 mm 3 ) was acquired for each subject.
Stimuli and experimental paradigms
We used a block design paradigm in which six different conditions alternated, separated by "off" conditions: i.e., three tasks (identification, localization, and detection) and two sensory modalities (auditory and tactile stimulation). One individual study consisted of six runs of ϳ9 min each. Before scanning, subjects underwent a brief familiarization session to stimuli and tasks while lying in the scanner. During the familiarization, the intensity of auditory and tactile stimulation was individually adapted to each subject's sensibility and adjusted so that the stimulation was noticeable while being comfortable for the subject. Special attention was paid to equalize the subjective intensity of stimulation between the two modalities. A predetermined pseudo-random order of the conditions and runs was counterbalanced across subjects. During the localization and identification conditions, we used a one-back comparison task in which subjects were asked to compare each stimulus with the previous one, to determine whether it was the same or different regarding either its identity (i.e., frequency) or its location. This task involved both perceptual and working memory aspects. The subjects delivered their responses by pressing one of two buttons on a response pad held in the left hand (while the right hand was equipped with the tactile stimulator) ( Fig. 1a ). During the detection tasks, subjects were required to press the left button of the response pad at stimulus presentation. The detection conditions served as control conditions to subtract the related basic sensory activation from auditory or tactile identity and spatial processing. The same stimuli were used in the three conditions within a modality; only the instructions and the task varied. The stimulus duration was identical in the two modalities (1 s). During the experiment, subjects were blindfolded. Each condition was announced through headphones at the end of each preceding resting period ( Fig. 1e ). Stimulus presentation and response recording were controlled using Superlab software 4.0 (Cedrus) running on a personal computer.
Auditory stimulation. We used a set of 16 stimuli that consisted of four piano chords varying in pitch and originating from four different loca-tions in virtual auditory space in front of the listener. The stimuli were presented via electrostatic MRI-compatible headphones (STAX, frequency transfer function 20 Hz-20 kHz). The sounds were created using Fleximusic Composer and combined four different notes. All sounds were further modified using Amphiotik Synthesis from Holistiks to generate an authentic Virtual Auditory Environment based on the Head Related Transfer Functions measured from a mean head size. The four sources were located within a half-circle in front of the listener (Fig. 1 ). The first source was located at the extreme left of the subject corresponding to Ϫ90°azimuth. The other sources were placed, respectively, at Ϫ30°, ϩ30°, and ϩ90°progressing toward the right of the listener. The stimulus duration was 1000 ms including the rise/fall times of 10 ms; the interstimulus interval was 1000 ms. Pretests performed on a separate group of 10 subjects showed that the sounds could be localized accurately in a forced-choice paradigm with a mean accuracy Ͼ95% in all subjects. A similar stimulation technique to generate a virtual three-dimensional (3-D) sound environment has been used successfully in previous studies Weeks et al., 1999 Weeks et al., , 2000 .
Tactile stimulation. We used equipment similar to the one used by Weaver and Stevens (2007) to generate vibrotactile stimulation on the subjects' fingers. Tactile stimuli were made as comparable as possible to the auditory ones: stimulus duration was identical and subjective stimulus intensity was made equivalent as well. Stimuli consisted of four pure tones of 40, 80, 160, and 320 Hz (duration ϭ 1000 ms, with a rise/fall time of 10 ms, and an interstimulus interval of 1000 ms) applied to one of the four fingers of the right hand (i.e., index finger, middle finger, ring finger, and baby finger) ( Fig. 1a ). Frequencies were selected based on their salience and from within the range allowed by the equipment (the piezoelectric elements in particular). Stimuli were created using Adobe Audition software and generated by an echo audiofire8 soundcard (AudioAmigo). Vibrotactile stimuli were then produced by a nonmagnetic, ceramic piezoelectric bending element (i.e., benders Q220-A4-303YB; Piezo Systems, Quick Mount Bender) placed directly under the fingers of the hand. The benders were driven by the above tones presented at a highamplitude value and produced a vibration that corresponded to that driving frequency. The amplitude (intensity) of the signal was amplified using Alesis RA150 amplifiers. To accurately and consistently present vibrotactile stimulation to individuals, each of the four piezoelectric elements was attached to one of the four fingers with hook-and-loop fasteners (Velcro), which were glued to the underside of the piezoelectric elements and wrapped around one finger. In addition, the right hand was securely fastened into an anti-spasticity ball splint (Sammons Preston) to prevent any hand movements during the experiment. This splint encased the distal third of the arm and the whole hand, to secure the position of the arm relative to the hand, and separated the digits to prevent changes in finger position. Foam pads with Velcro adjustments were wrapped around the arm while resting in the splint.
Data analysis
The fMRI signal in the different conditions was compared using Brain-Voyager QX (Version 1.10; Brain Innovation), applying a regression analysis. Before analysis, preprocessing consisted of slice timing correction, temporal high-pass filtering (removing frequencies lower than 3 cycles/run), and correction for small interscan head movements (Friston et al., 1995) . Data were transformed into Talairach space (Talairach and Tournoux, 1988) . For anatomical reference, the computed statistical maps were overlaid on the 3-D T1-weighted scans. The predictor time courses of the regression model were computed on the basis of a linear model of the relation between neural activity and hemodynamic response function (HRF), assuming an HRF neural response during phases of sensory stimulation (Boynton et al., 1996) . A random-effects analysis (RFX) in the group was then performed at the whole-brain level, with a threshold of q Ͻ 0.05, corrected for false discovery rate (FDR), in combination with a cluster size threshold of p Ͻ 0.05. Alternatively, a threshold of p Ͻ 0.005 (uncorrected for multiple comparisons) was used depending on the strictness of the contrasts performed. The obtained maps were projected onto the inflated cortical surface of a representative subject for display purposes. Brain areas were identified using Talairach Client 2.4 (Lancaster et al., 2000) . All the contrasts used for the compar-isons (main effects and interactions) are presented in a "table of predefined contrasts" (see supplemental Table 1S , available at www. jneurosci.org as supplemental material). Behavioral analyses were performed using Statistica software 6.0. (Statsoft Inc).
Results
Behavioral results
Behavioral performance during MRI scanning was overall satisfactory for all conditions in both modalities, although the results were better in the auditory than in the tactile modality (Table 1 , Audio, Tact). A 2 (modality) ϫ 3 (task) ANOVA further confirmed an effect of the task, the modality and an interaction between these two factors: F (2,32) ϭ 11.796, p Ͻ 0.001; F (1,16) ϭ 19.234, p Ͻ 0.001 and F (2,32) ϭ 111.630, p Ͻ 0.001, respectively. Newman-Keuls post hoc comparisons showed no significant difference between audio identification (AID) and audio localization (AL), but did show a difference between tactile identification (TID) and tactile localization (TL): p ϭ 0.77 and p Ͻ 0.001, respectively. There were also differences in the performance between AID and TID, AL and TL as well as between audio detection (AD) and tactile detection (TD) (all p values Ͻ0.001). To assess the effect of age on subjects' performance, a correlation analysis was performed. No significant correlation was observed between age and performance (all r values Ͻ0.035; all p values Ͼ0.19).
Functional MRI results
Main effects related to sensory modality RFX group analysis was performed at the whole-brain level, using a threshold of q Ͻ 0.05 [corrected for multiple comparisons using false discovery rate (FDR)] in combination with a cluster size threshold of p Ͻ 0.05. The contrast {Audio vs rest} showed the expected bilateral activation in primary and secondary auditory cortices [i.e., in Brodmann area (BA) 41, BA 42, and BA 22 in the superior temporal cortex] during auditory conditions, whereas the contrast {Tact vs rest} revealed bilateral activation (more pronounced in the left hemisphere) in primary and secondary somatosensory cortices (i.e., in the postcentral gyrus) in response to vibrotactile stimulation (BA 1, 2, 3, 40, 43) ( Fig. 2a , Tables 2, 3) . Overlap between the activation foci was observed in several regions including the right precentral and postcentral gyri and the posterior parietal cortex (BA 4 and BA 40), the left insula (BA 13), and the left and right medial frontal gyrus (BA 6) (Tables 2, 3 ).
In addition, extended bilateral deactivation of the auditory cortex was observed during the tactile conditions, including in the superior temporal gyrus (STG) bilaterally, although it was more pronounced in the left hemisphere (see Table 2S , available at www.jneurosci.org as supplemental material). Equivalent deactivation of the somatosensory cortex during the auditory conditions was not observed. However, both modalities deactivated several regions of the visual cortex, including the right cuneus Figure 1 . Experimental setup. a, The experimental setup used to deliver vibrotactile stimulation. Vibrotactile stimuli were produced by nonmagnetic, ceramic piezoelectric bending elements placed directly under the fingers of the hand. The benders were driven by tones presented at a high-amplitude value and produced a vibration that corresponded to that driving frequency. Each of the four piezoelectric elements was attached to one of the four fingers with fasteners (Velcro), which was glued to the underside of the piezoelectric element. In addition, the right hand was securely attached to prevent any hand movements during the experiment. b, Stimuli consisted of four pure tones of 40, 80, 160, and 320 Hz (duration ϭ 1000 ms, with a rise/fall time of ϳ10 ms, and an interstimulus interval of 1000 ms) applied to one of the four fingers of the right hand. The waveform of the 80 Hz stimulus is shown here for illustration. c, For the auditory modality, four piano chords varying in pitch originated from four different sources around the subject: Ϫ90°, Ϫ30°, 30°, and 90°. d, One of the auditory stimuli originating from a source located at 30°. The signal varied both in intensity and in frequency according to the head-related transfer function calculated from a mean head size. e, Experimental design. The stimulus sequence within one block for the tactile modality is schematized here. During one block (18 s), a sequence of nine stimuli of 1 s duration (separated by an interstimulus interval of 1 s) was delivered on the subject's fingers. The subjects had to perform a one-back comparison task, i.e., to compare each stimulus with the previous one and to determine whether it was the same or different regarding either its frequency or its location. Eight responses were expected per block of nine stimuli. An identical paradigm was used in the auditory modality. To further identify the brain activation specific to each modality, we contrasted the auditory conditions with the tactile ones and vice versa:
}. An RFX group analysis was performed at the whole-brain level with an uncorrected threshold of p Ͻ 0.005 in combination with a cluster size threshold correction of p Ͻ 0.05. Using a conjunction ("പ") in the way it was used in the contrasts is similar to the use of a mask of generally active areas and aimed to eliminate any false positives related to any deactivation in the subtracted modality. The contrast {[auditory conditions] Ϫ [tactile conditions]} in conjunction with [auditory conditions] confirmed the specific recruitment of primary and secondary auditory cortices bilaterally, although more pronounced in the left hemisphere (Fig. 2b) Main effects related to the task RFX group analysis was performed at the whole-brain level with a corrected threshold for FDR of q Ͻ 0.05 in combination with a cluster size threshold correction of p Ͻ 0.05. The activation maps resulting from (1) 
പ (AL ϩ TL)} revealed partially overlapping activation foci in parietal, frontal, and insular areas including the left and right inferior parietal lobule (IPL; BA 40), the left and right precentral gyrus (BA 6), the right middle frontal gyrus (MFG) (BA 8-BA 9), and the insula bilaterally ( Fig. 3a , Tables 4, 5 ). However, the frontal activation foci were more extended for the identification conditions whereas the parietal activation foci were more extended for the localization conditions. In addition to these common activation foci, the identification conditions specifically activated several regions in the frontal cortex including parts of the right medial frontal gyrus (BA 6), the left precentral gyrus (BA 4), and the left MFG (BA 9). The localization conditions specifically activated several regions in the temporal, frontal, and parietal areas including the right STG (BA 22), parts of the right MFG (BA 6), and the left and right precuneus (BA 7).
To better identify the brain areas involved more specifically in "what" and "where" processing regardless of sensory modality, we also contrasted identification with localization conditions and vice versa (Fig. 3b, Tables 4, 5) . RFX group analysis was performed at the whole brain level with an uncorrected threshold of p Ͻ 0.005 in combination with a cluster size threshold correction of p Ͻ 0.05. The contrast {[(AID ϩ TID) Ͼ (AL ϩ TL)] പ (AID ϩ TID)} confirmed stronger involvement of the insula (BA 13) bilaterally and the right inferior frontal gyrus (IFG) (BA 9) in stimulus identification. The activation foci resulting from the contrast {[(AL ϩ TL) Ͼ (AID ϩ TID)] പ (AL ϩ TL)} confirmed stronger involvement of several regions in the parietal cortex, including the left and right IPL (BA 40), the right precuneus (BA 7), and the left superior parietal lobule (SPL) (BA 7), during localization.
Unimodal versus bimodal brain areas
To identify modality-specific (auditory and tactile) brain areas within the "what" and "where" processing streams, we used the four following contrasts: (4) {(TL Ͼ AL) പ (TL Ͼ TID)}. These contrasts were very strict and aimed at isolating the brain areas that were exclusively task-and modality-specific. Using a threshold of p Ͻ 0.005 (uncorrected for multiple comparison), only contrasts 1 and 4 showed significant activation foci ( Fig. 4, Tables 6, 7) . Contrast 1 showed that some parts of the right anterior STG-superior temporal sulcus (STS) (BA 21/22), the right IFG (BA 9), and the left anterior STG (BA 22) were specifically involved in the auditory The activation maps were obtained using RFX with a corrected threshold for multiple comparisons using FDR of q Ͻ 0.05 in combination with a cluster size threshold correction of p Ͻ 0.05 and superimposed on the individual brain. The auditory conditions activated bilaterally the primary and secondary auditory cortex (BA41, BA42, BA22) (see Tables 2 and 3 for an exhaustive list of the activation foci). The tactile conditions activated bilaterally the primary and secondary somatosensory cortex (BA1, 2, 3, 43) (see Tables 2 and 3 "what" processing stream. Contrast 4 revealed that some parts of the left precuneus (BA 7), the left SPL (BA 7), the left IPL (BA 40), and the MOG (BA 37) were specifically recruited in the tactile "where" processing stream. A closer look at the blood oxygenation leveldependent (BOLD) response in the MOG during the auditory and tactile conditions revealed a deactivation during all the conditions. This deactivation was less pronounced during the TL condition.
To identify multimodal brain activation within the "what" and "where" processing streams, we used the two following contrasts: (1) 
The choice of these contrasts was justified for the following reasons. (1) Since the brain areas that were more involved in the "what" (or in the "where") processing stream could also be involved in the other processing stream (Fig. 3) , albeit to a lesser extent, we contrasted the identification conditions with the localization conditions (and vice versa). (2) Grouping the identification conditions together (or grouping the localization conditions together) to identify the "what" (or "where") streams aimed to increase the statistical power and to optimize the corresponding contrast. (3) The subsequent conjunctions with the identification (or localization) conditions in each modality aimed to ensure proper identification of the brain areas that were really activated by both modalities. i.v.) The idea was to identify the brain areas that were specialized in the "what" (or in the "where") processing in both modalities even if the extent of their recruitment was slightly different. Undeniably, multimodal brain areas, which were activated by the two modalities, were not necessarily recruited to the same extent (Fig. 2) . Therefore, the subtraction of the detection conditions from the identification (or from the localization) conditions within each modality was meant to eliminate all uncontrolled basic sensory processes as well as the unspecific attentional mechanisms unrelated to the task. Using a threshold of p Ͻ 0.005 (uncorrected for multiple comparison), the contrast 1 showed that parts of the right IFG and MFG (BA 9) and the insula bilaterally (BA 13) were more activated by the two modalities during the identification conditions ( Fig. 4, Tables 6, 7) . The contrast 2 showed that parts of the right and the left IPL (BA 40), the right precuneus-SPL (BA 7), the left SPL (BA 7), and the caudal belt/parabelt were more activated by both modalities during the localization conditions.
A graphic analysis of brain activation in the eight multimodal brain areas identified by the above procedure (Tables 6, 7) is also provided in Figures 5 and 6: the right IFG, the right MFG, the right insula, the left insula, the right and left IPL, the right precuneus-SPL, and the left SPL. It should be noted that any major difference between "what" and "where" processing, when observed in only one of the two modalities, would lead to a significant activation of the same area in the two contrasts described above. This could lead one to think that such a brain area is a domain-specific multimodal area, although it would be domainspecific for only one modality. For this reason, a subsequent detailed examination of the BOLD signal in the brain areas identified from these two contrasts was also performed. Figures 5 and  6 show the percentage of signal change (BOLD signal) for the six conditions (i.e., AID, AL, AD, TID, TL, TD) within eight regions that were identified as constituting the multimodal "what" and "where" streams. The two activation foci in the right IFG had a similar topography and were grouped by averaging their BOLD signal. The same averaging procedure was applied to the two neighboring activation foci identified as part of the right insula.
A close look at the BOLD signal within the right IFG and bilateral insula confirmed that they were activated during both the identification and localization conditions, but that the identification conditions activated these regions more strongly than the localization conditions in both modalities. The reverse profile was observed in the parietal regions that were more strongly activated during the localization conditions than during the iden- tification conditions in both modalities, consistent with the activation maps derived from our two contrasts. It should be noted, however, that only the right IFG, the right precuneus, and the right IPL showed a significant effect of the task in both modalities when tested separately ( p Ͻ 0.05, post hoc comparisons of selected means) (see Table 3S , available at www.jneurosci.org as supplemental material). In most of the other brain areas, the effect was significant in the tactile modality only. A significant effect of sensory modality was observed in all eight brain regions except in the right IFG and the right precuneus-SPL, with the tactile stimulation generating a higher BOLD signal than the auditory one.
Covariance and correlation analysis
To test whether the effects observed in the eight identified regions depended more on the difficulty of the task than on the nature of the processing itself, covariance analyses were performed at the wholebrainmporal cortex during auditory and tactile cond level, using behavioral performance as a covariate (regressor of interest). These analyses did not yield any significant result even when using a very low statistical threshold of p Ͻ 0.05 (uncorrected). In addition, a correlation analysis was performed to test the relationship between behavioral performance and the corresponding BOLD signal in the eight multimodal brain regions (using the mean activity in these regions). Concerning the multimodal "what" brain areas, a weak but significant negative correlation between performance and activation level was observed at the group level in the left insula only: r ϭ Ϫ0.4823, p ϭ 0.05 and r ϭ Ϫ0.5526, p ϭ 0.021, for the AID and the TID conditions, respectively. Concerning the multimodal "where" brain areas, a significant negative correlation between performance and activation level was observed in the left IPL only: r ϭ Ϫ0.5569, p ϭ 0.02 and r ϭ Ϫ0.4931, p ϭ 0.044, for the AL and the TL conditions, respectively. Additional covariance analyses were performed in the eight regions of interest to test the potential effect of subjects' age on the effects observed in these specific areas, using the age of the subjects as a covariate (regressor of interest). These analyses did not yield any significant result even when using a very low statistical threshold of p Ͻ 0.05 (uncorrected).
Discussion
To our knowledge, this study is the first to compare directly in the same subjects the brain areas for "what" and "where" processing in two different sensory modalities. Using fMRI, we monitored the BOLD signal during identification and localization of comparable auditory and vibrotactile stimuli. We observed that areas in the right inferior frontal gyrus (IFG) and bilateral insula were more activated during the processing of stimulus identity in both audition and touch, whereas parts of the left and right inferior and superior parietal lobules (IPL and SPL) were more recruited during the processing of spatial attributes in both modalities.
Brain activation by auditory versus tactile perception
The activation maps related to the main effect of sensory modality showed the expected modality-specific activation within auditory and somatosensory cortices. The overlapping activation observed in the temporal, frontal, and parietal areas depended partly on somatosensory and motor aspects related to the subject's response (when pressing the response-button) and working memory components that were induced in the one-back comparison task (Arnott et al., 2005; Lehnert and Zimmer, 2008a,b) . In accordance with our results, the medial frontal gyrus and the insular cortex have been considered multisensory integration centers (Senkowski et al., 2007; Rodgers et al., 2008) . Deactivation of auditory cortex during tactile conditions and of occipito-temporal cortex during auditory and tactile conditions may reflect cross-modal inhibition of sensory inputs to neutralize potential interferences, as shown in previous studies (Drzezga et al., 2005; Laurienti et al., 2002) . On the other hand, excitatory convergence of somatosensory and auditory inputs, as found here in subregions of auditory cortex, isevidenceformultisensoryintegration ( Tables 4 and 5 for an exhaustive list of activation foci). The localization conditions activated the left SPL and IPL, the right IPL and the right precuneus as well as the middle and inferior frontal gyri (BA7, BA40, and BA6, BA9) (see Tables 4 and 5 (Tables 4, 5 ). The right IPL (BA40), the right precuneus (BA7), the left SPL (BA7), and the left IPL (BA40) were specifically activated during the localization conditions (Tables 4, 5 ).
Brain activation by identification versus localization
We observed the expected segregation of "what" and "where" processing streams in inferior-frontal and parietal regions, respectively, when comparing identification and localization conditions. Parts of frontal cortex were also recruited by the localization tasks, and parts of parietal cortex were activated during the identification conditions, but to a much lesser extent than during identification and localization, respectively. Previous studies have demonstrated that dorsal areas of frontal cortex are involved in visual and auditory localization Martinkauppi et al., 2000) , whereas activation in other regions is higher during identification tasks (Rämä, 2008) . Furthermore, in the present study, part of the overlapping activation in the parietal and frontal areas may reflect general working memory components under both identification and localization conditions (Belger et al., 1998; Ricciardi et al., 2006) .
"What" versus "where" modality-specific brain areas Four distinct activation foci were identified as modality-specific during auditory "what" processing: three of them were located in auditory areas, i.e., BA22 in right anterior STG-STS, BA21/22 in right ante- Bimodal "what" brain areas were mainly found in the inferior frontal lobe and insula whereas bimodal "where" brain areas were mainly in the parietal lobe. Modality-specific auditory "what" brain areas were in the anterior STG-STS whereas modality-specific tactile "where" brain areas were distributed in the parietalcortex.ItisworthnotingthatactivationintheMOGwasrevealedbythiscontrast,whereasthisregionwasdeactivatedtoadifferent extentduringallauditoryandtactileconditions.Nosignificantmodality-specificauditory"where"ortactile"what"activationswerefound. The lower part of the figure shows the bilateral activation of the insula on the sagittal (SAG), coronal (COR), and transversal (TRA) plane, related to bimodal "what" processing. rior STG, and BA22 in left anterior STG. The fourth activation focus was located in BA9, in the right IFG. In monkeys, the secondary auditory belt cortex appears to be functionally organized such that rostral areas are more specialized in sound identification, whereas caudal areas are involved in sound localization Tian et al., 2001) . Some fMRI data in humans indicate a similar functional dissociation (Maeder et al., 2001; Warren and Griffiths, 2003; Arnott et al., 2004) . Our results are in accordance with these previous observations: only anterior temporal areas were specifically recruited during the auditory identification task. The functional contribution of the IFG (or ventrolateral prefrontal cortex) specifically during the nonspatial auditory task is also consistent with animal and human studies (Romanski et al., 1999; Romanski and Goldman-Rakic, 2002; Arnott et al., 2004) . Three distinct parietal activation foci were identified as modality-specific during tactile "where" processing: BA 7 in the precuneus-SPL, BA 7 in the SPL, and BA 40 in the IPL. It is worth noting that all foci were located in the left hemisphere, contralat-eral to the stimulated hand. In the few imaging studies that have investigated "what" and "where" segregation in the tactile domain, different activation patterns were described (Forster and Eimer, 2004; Van Boven et al., 2005) , probably due to differences in experimental tasks, procedures, and stimuli (De Santis et al., 2007) . As in most previous fMRI studies (Reed et al., 2005; Van Boven et al., 2005) , tactile "where" processing activated mainly parietal areas.
In the present study, no tactile-specific activation specialized in "what" processing was found. In particular, we did not observe domain-specific activation in postcentral gyrus. Since stimulus attributes strongly influence identification processes, these results may apply specifically to identification of vibrotactile stimuli not involving shape processing. Using real objects or 2D shapes might have activated specific areas involved in shape processing, such as the lateral occipital complex (Amedi et al., 2001) .
Although parts of the left STG corresponding to caudal belt/ parabelt were activated during auditory localization (Fig. 3) , none of these activations reached a level of significance in the Figure 5 . Activity profile in the brain areas identified as multisensory "what" brain areas. The BOLD signal is plotted as a function of the task and the modality in the left (x ϭ Ϫ30; y ϭ 17; z ϭ 16; cluster size ϭ 88 voxels) and right (x ϭ 36; y ϭ 23; z ϭ 7; cluster size ϭ 164 voxels) insula, the right IFG (x ϭ 48; y ϭ 11; z ϭ 25; cluster size ϭ 68 voxels), and the right MFG (x ϭ 42; y ϭ 32; z ϭ 28; cluster size ϭ 151 voxels). The BOLD response is expressed as a percentage of signal change. The error bars represent SE. Identification conditions activated inferior middle frontal and insular regions more than localization conditions in both modalities. Figure 6 . Activity profile in the brain areas identified as multisensory "where" brain areas. The BOLD signal is plotted as a function of the task and the modality in the left SPL (x ϭ Ϫ21; y ϭ Ϫ67; z ϭ 43; cluster size ϭ 600 voxels), the left IPL (x ϭ Ϫ39, y ϭ Ϫ43; z ϭ 43; cluster size ϭ 666 voxels), the right precuneus (x ϭ 15; y ϭϪ67; z ϭ 46; cluster size ϭ 1020 voxels), and the right IPL (x ϭ 42; y ϭ Ϫ37; z ϭ 40; cluster size ϭ 151 voxels). The BOLD response is expressed in percentage of signal change. The error bars represent SE. Localization conditions activated parietal regions more than identification conditions in both modalities. modality-specific contrasts; most areas involved in sound localization were also activated by touch (see below).
"What" versus "where" multimodal brain areas Four distinct regions were more involved in the processing of nonspatial than spatial attributes in both modalities: BA9 in the right IFG, BA9 in the right MFG, BA13/45 in the right insula-IFG, and BA13 in the insula bilaterally. Recruitment of the right IFG has been previously observed during identification processes in touch and in audition (Alain et al., 2001; Reed et al., 2005; Van Boven et al., 2005) . The right IFG was the frontal area that showed the strongest effect of the task in both modalities in our study. The specific involvement of the insula has also been reported in some studies of auditory and/or somatosensory processing of stimulus identity Zimmer et al., 2006) . The insula is known as a multisensory region in which perceptual information from different senses converges (Calvert, 2001) , but whose precise function is still unclear (Meyer et al., 2007) . Recruitment of the insula has been reported in a variety of sensory and cognitive tasks (Augustine, 1996; Ackermann and Riecker, 2004) , including audio-visual integration in communication sound processing (Remedios et al., 2009) , and auditory-visual matching (Hadjikhani and Roland, 1998; Bamiou et al., 2003 Bamiou et al., , 2006 Banati et al., 2000) . Interestingly, a fronto-parietal network has been identified in the left hemisphere during auditory and visual nonspatial working memory (Tanabe et al., 2005) . Four distinct parietal foci were more activated during "where" than "what" processing of auditory and tactile stimuli: BA40 in the right and left IPL, BA7 in the right precuneus-SPL, and BA7 in the left SPL. In addition, a restricted zone of caudal belt/parabelt was also activated. Recruitment of SPL and precuneus has been reported in auditory and tactile studies involving spatial processing Alain et al., 2001; Reed et al., 2005) . In accordance with results from hemispheric specialization and spatial working memory (D'Esposito et al., 1998; Roth and Hellige, 1998; Smith and Jonides, 1998; Jager and Postma, 2003; Wager and Smith, 2003) , the present study shows that right-hemisphere regions (e.g., precuneus and IPL) display the strongest effect of localization conditions in both modalities. The IPL sustains a wide range of functions related to attention, motion processing, and spatial working memory (Stricanne et al., 1996; D'Esposito et al., 1998; Culham and Kanwisher, 2001; Ricciardi et al., 2006; Alain et al., 2008; Zimmer, 2008) . Its involvement in auditory and tactile localization has been reported frequently Maeder et al., 2001; Clarke et al., 2002; Zatorre et al., 2002; Arnott et al., 2004; Reed et al., 2005; Altmann et al., 2007 Altmann et al., , 2008 Lewald et al., 2008) . In our study, all areas involved in sound localization were also activated by touch, i.e., appeared to be multisensory. This confirms recent reports on the multisensory nature of the caudal belt region in rhesus monkeys Hackett et al., 2007) and underscores the importance of the postero-dorsal stream more generally in sensorimotor integration (Rauschecker and Scott, 2009 ).
Methodological concerns
Despite our best efforts to equalize the difficulty level under the various conditions by adjusting the subjective intensity of stimuli individually, tactile conditions appeared to be somewhat more difficult for our subjects than auditory ones. However, covariance and correlation analyses did not show a significant effect of performance on brain activity in any region, except in the left insula and IPL, which were weakly negatively correlated with performance in identification and localization, respectively, in both modalities. This cannot be attributed to task difficulty, but is rather consistent with a specific role of the insula in stimulus identification and of the IPL in localization.
Conclusions
In addition to the confirmation of the multisensory nature of some areas, such as the insula, and the general segregation between an inferior-frontal (ventral) and a parietal (dorsal) pathway, we demonstrate here for the first time that multisensory "what" and "where" pathways exist in the brain. The convergence of the same functional attributes into one centralized representation constitutes an optimal form of brain organization for the rapid and efficient processing and binding of perceptual information from different sensory modalities.
